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Abstract 
The femtosecond laser pulse heating of silver film is investigated by performing quantum 
mechanics (QM), molecular dynamics (MD) and two temperature model (TTM) integrated 
multiscale simulation. The laser excitation dependent electron thermophysical parameters 
(electron heat capacity, electron thermal conductivity, and effective electron-phonon coupling 
factor) are determined from ab initio QM calculation, and implemented into TTM description of 
electron thermal excitation, heat conduction, as well as electron-phonon coupled thermal energy 
transport. The kinetics of atomic motion is modeled by MD simulation. Energy evolution of 
excited electron subsystem is described by TTM in continuum. The MD and TTM are coupled 
by utilizing the effective electron-phonon coupling factor. Laser heating with varying laser 
fluence is systematically studied to determine the thresholds of the homogeneous melting and 
ablation. The thermal ablation induced by faster expansion of locally and excessively superheated 
silver is reported. This paper provides a basis for interpreting the phase change process induced 
by laser heating, and facilitates the advancement of femtosecond laser pulse processing of 
material. 
Keywords: femtosecond laser; ab initio calculation; molecular dynamics; multiscale modeling; 
laser melting and ablation.  
Nomenclature 
ܣ material constants describing the electron-electron scattering rate, ݏିଵܭିଶ 
ܤ material constants describing the electron-phonon scattering rate, ݏିଵܭିଵ 
ܥ௘ electron heat capacity, ܬ/ሺ݉ଷܭሻ ܧ energy, ܬ 
݂ Fermi-Dirac distribution function 
݃ electron density of states 
ܩ௘ି௣௛ electron-phonon coupling factor, ܹ/ሺ݉ଷܭሻ 
ܬ Laser fluence, ܬ/ܿ݉ଶ 
݇ thermal conductivity, ܹ/ሺ݉ܭሻ 
݇஻ Boltzmann constant, 1.38 ൈ 10ିଶଷܬ/ܭ ݉ mass, ݇݃ 
ܮ penetrating depth, ݉ 
ݍ heat flux, ܹ/݉ଶ 
࢘࢏ position of an atom 
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ݐ time, ݏ 
ܶ temperature, ܭ 
ݒ velocity, ݉/ݏ 
௖ܸ Volume of unit cell, ݉ଷ 
Greek Letters 
ߝ electron energy level,  ܬ 
ߤ chemical potential, ܬ 
λ〈ωଶ〉 second moment of the electron-phonon spectral function, ܸ݉݁ଶ 
ߩ density, ݇݃/݉ଷ 
߬௘ total electron scattering time ߬௫௫ thermal stress, ܩܲܽ 
Subscripts and Superscripts 
ܾܽ ballistic transport 
݁ electron 
ܨ Fermi level 
݈ lattice 
݋݌ optical penetration 
݌ laser pulse 
1. Introduction 
Femtosecond laser pulse processing of material has been drawn considerable attention and been 
intensively studied [1–4]. It is widely acknowledged as an effective approach in micromachining 
and microfabrication [5,6]. Comparing with the conventional long laser pulse in material 
processing, the femtosecond laser has the great merit of small collateral damage of treated 
material, which results in high precision and resolution. Understanding comprehensive 
knowledge of the femtosecond laser pulse interaction with material is an essential step in 
micromachining and microfabrication. With the rapid advancement of laser technology, the laser 
pulse parameters, such as the laser fluence, beam size, pulse duration, and laser repetition rate 
can be controlled.  
Plenteous approaches were proposed to model the electron thermal excitation and heat diffusion, 
and electron-phonon coupled heat transfer occurring in the metallic material upon femtosecond 
laser pulse irradiation. The thermally excited electrons in the metallic material were described by 
Fermi-Dirac distribution function ݂ [7]. The thermal excitation of electrons accompanying with 
shifts of electron density of states ݃ and changes of electron chemical potential ߤ, were crucial 
parameters impacting the electron heat capacity ܥ௘ and effective electron-phonon coupling factor ܩ௘ି௣௛ [8–12]. The electron thermal conductivity ݇௘ in the laser heated material was derived from 
the Drude model [13,14]. The two-temperature model (TTM) was originally proposed by 
Anisimov et al. [15] to describe the laser energy absorption by the electron subsystem and 
thermal energy transferring from the electron subsystem to the lattice subsystem. On the basis of 
TTM, the Boltzmann transport equation was used by Qiu and Tien in studying the thermal energy 
transport of electrons and electron-phonon interactions [16]. The lattice Boltzmann method 
(LBM) was implemented to solve the Boltzmann transport equation in laser heating of silicon 
film by Mao and Xu [17]. The dual phase lag (DPL) model was proposed by Tzou to describe 
the femtosecond laser pulse induced phase lag of heat flux in time and phase lag of temperature 
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gradient in space [18]. An interface tracking method proposed by Zhang and Chen [4], which 
iteratively solves the laser induced material removal on the basis of energy balance and 
nucleation kinetics, was implemented by Huang et al. to study the ultrafast solid-liquid-vapor 
phase change [19]. 
Molecular dynamics (MD) simulation provides detailed information on the dynamics evolution 
and structural change of laser irradiated material [20,21]. Combined atomic and continuum 
studies of the femtosecond laser pulse processing of material were carried out by describing the 
electron subsystem via TTM and the lattice subsystem via classical MD. In the combined MD-
TTM studies, the electron-phonon coupling was modeled either by imposing an additional energy 
term in the equation of motion of atoms [22–24], or by scaling up the atomic velocity to represent 
the thermal energy transferred from the electron subsystem to the lattice subsystem [25]. The 
combined MD-TTM simulation covered melting [22,25], spallation [23] and ablation [24] upon 
femtosecond laser pulse irradiation. Pure ab initio quantum mechanics (QM) MD simulation 
liberated the empirical description of the interatomic penitential in classical MD and took the 
role of femtosecond laser pulse excitation of electrons into account [20,26,27]. Nevertheless, the 
size of simulated system in ab initio quantum mechanics MD is limited in tens to hundreds of 
atoms, due to the expensive computational cost[28,29].  
Therefore, it is necessary to propose an approach that ranging from the scopes from QM to MD 
and TTM. In our previous works [10–12,14], the electron temperature ௘ܶ dependent 	ܥ௘, ݇௘ and ܩ௘ି௣௛ were modeled to study the femtosecond and picosecond laser heating of copper film. This 
paper applies QM-MD-TTM integrated framework [14], which determines the laser excitation 
dependent electron thermophysical properties 	ܥ௘ , ݇௘  and ܩ௘ି௣௛  from QM calculation and 
implements them into the TTM description of the electron subsystem. The lattice subsystem is 
simulated by using classical MD simulation and coupled with the TTM by using ܩ௘ି௣௛ related 
heat transfer in each MD time step. Different laser fluences are applied in the silver film to 
investigate the corresponding thermal response of the silver film upon femtosecond laser heating. 
Melting and thermal ablation induced by femtosecond laser pulse heating of silver film, are 
observed from the simulation results. The approaches in electron scale, atomic scale and 
continuum scale are integrated to construct the QM-MD-TTM multiscale framework in this paper. 
They provide essential information to each other and capture the details of femtosecond laser 
interaction with silver film from their unique perspectives. 
2. Modeling and simulation 
2.1 QM determination of electron thermophysical parameters 
QM determination can provide electron thermophysical parameters to the combined MD-TTM 
simulation, which includes the detailed changes of electron density of states ݃, Fermi-Dirac 
distribution function ݂, electron-phonon spectral function ߙଶܨሺߗሻ. The primary objective is to 
quantitatively determine the dependence of thermophysical parameters 	ܥ௘, ݇௘ and ܩ௘ି௣௛ when 
the thermal excitation of electron is below the Fermi energy ߝி ൌ 5.49	ܸ݁ of silver [30].  
As seen in [30], the internal energy of electron subsystem ܧ௘  is express as ܧ௘ ൌ
ሺ1/	 ௖ܸሻ ׬ ݂݃ߝ݀ߝஶିஶ , where ௖ܸ  is the volume of the silver unit cell and ߝ is energy level of the 
electron subsystem per unit cell. The derivative of ܧ௘ with respect to electron temperature ௘ܶ is 
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electron heat capacity ܥ௘ [11]. Since both ݃ and ݂ are ௘ܶ dependent variables, ܥ௘ is expressed in 
terms of the following equation at given ௘ܶ 
ܥ௘| ೐் ൌ ଵ௏೎ ׬ ሺ
డ௚|ܶ݁
డ ೐் ݂|ܶ݁ ൅ ݃|ܶ݁
డ௙|ܶ݁
డ ೐் ሻߝ݀ߝ
ஶ
ିஶ ,   (1)
where ݂  is equal to ሼ݁ݔ݌	ሾሺߝ െ ߤሻ ݇஻ ௘ܶ⁄ ሿ ൅ 1ሽିଵ  and ݇஻  is the Boltzmann constant 1.3804 ൈ10ିଶଷ	ܬ/ܭ. The chemical potential ߤ in ݂ also varies with ௘ܶ. When ௘ܶ ≪ ிܶ ൌ 6.38 ൈ 10ସ	ܭ 
for silver [30], the excited electron is around the Fermi surface, namely 5ݏଵ electron. Then ܥ௘ 
can be expressed as a linear function of ௘ܶ, namely, ܥ௘ ൌ ߛ ௘ܶ. According to the free electron gas 
model, ߛ is defined as ߨଶ݊௘݇஻ଶ/ሺ2ߝிሻ. When ௘ܶ becomes higher, the lower band electrons 4݀ଵ଴ 
will be excited, which leads to the breakdown of  ܥ௘ ൌ ߛ ௘ܶ.  
The thermal excitation of electron also induces the change of electron thermal conductivity, ݇௘. 
When ௘ܶ ≪ ிܶ, ݇௘ is calculated from the Drude model [13] by including ܥ௘ from Eq. (1), i.e., 
݇௘| ೐் ൌ ଵଷ௏೎ ݒி
ଶ߬௘| ೐் ׬ ሺడ௚|ܶ݁డ ೐் ݂|ܶ݁ ൅ ݃|ܶ݁
డ௙|ܶ݁
డ ೐் ሻߝ݀ߝ
ஶ
ିஶ ,  (2)
where ݒி ൌ 1.39 ൈ 10଺	݉/ݏ is the Fermi velocity of silver [30]. Since both electron-electron 
and electron-phonon scatterings contribute to the electron collision frequency, the total electron 
scattering time of ߬௘  is computed from the reciprocal of the summation of electron-electron 
scattering rate ߬௘ି௘ିଵ ൌ ܣ ௘ܶଶ and electron-phonon scattering rate ߬௘ି௣௛ିଵ ൌ ܤ ௟ܶ, i.e., ߬௘ 		ൌ ሺܣ ௘ܶଶ ൅
ܤ ௟ܶሻିଵ, where the parameters ܣ ൌ 3.57 ൈ 10଺	ݏିଵܭିଶ  and ܤ ൌ 1.12 ൈ 10ଵଵ	ݏିଵܭିଵ are two 
material constants of silver[30]. When ௘ܶ is in the order of tens of thousands degrees Kevin and 
௟ܶ is in the order of several hundreds of degrees Kevin, ߬௘ is dominated by ௘ܶ. It indicates that at 
the initial point of femtosecond laser excites electrons, the heat conduction of electron subsystem 
is not affected by the thermalization of the lattice subsystem. 
When it comes to the effective electron-phonon coupling factor ܩ௘ି௣௛, a considerable number of 
studies were conducted [15,31,32]. Deriving from the expression of thermal energy transport in 
electron-phonon collision equations, a free electron gas model was established and described 
ܩ௘ି௣௛ as  ߨଶ݉௘݊௘ݒ௦ଶ/ሺ6߬௘ ௘ܶሻ by Kaganov et al. [31], where ݉௘ denotes the effective mass of 
electrons and ݒ௦ is the speed of sound. In addition, as pointed out by Anisimov et al. [15], the 
expression of ߨଶ݉௘݊௘ݒ௦ଶ/ሺ6߬௘ ௘ܶሻ becomes a constant when ௘ܶ ൎ ௟ܶ ≫ ஽ܶ (Debye temperature 
of silver 221	ܭ). Chen et al. [32] deduced a phenomenological model by evaluating ߬௘  and 
including both ௘ܶ  and ௟ܶ  in calculating ܩ௘ି௣௛  as ܩோ்ሾܣ/ܤሺ ௘ܶ ൅ ௟ܶሻ ൅ 1ሿ , where ܩோ்  was 
coupling factor at room temperature. Nevertheless, all the aforementioned derivation approaches 
of ܩ௘ି௣௛ are from empirical estimation, a full QM modeling of ܩ௘ି௣௛ is to be developed in this 
paper. 
By recalling the definition of 	ܩ௘ି௣௛ ൌ ሺ߲ܧ௘ି௣௛ ߲ݐ⁄ ሻ/ሾሺ ௘ܶ െ 	 ௟ܶሻ ௖ܸሿ, the most important task is 
to obtain ߲ܧ௘ି௣௛ ߲ݐ⁄  through QM modeling. When electrons are excited, the variations of ݃ሺߝሻ, 
݂ሺߝሻ and ߙଶܨሺΩሻ contribute to the heat transfer from electron subsystem to the lattice subsystem. 
By taking the electron-phonon collision into account, ߲ܧ௘ି௣௛ ߲ݐ⁄  can be obtained as [33] 
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డா೐ష೛೓
డ௧ ൌ
ସగ
԰ ∑ ԰߱ொหܯ௞, ௞ᇲห
ଶܵሺ݇, ݇ᇱሻߜሺߝ௞ െ ߝ௞ᇲ ൅ ԰߱ொሻ௞,	௞ᇲ ,  (3)
where ԰ ൌ 1.054 ൈ 10ିଷସ	ܬݏ is the reduced Planck constant, ߱ொ is the phonon frequency at the 
phonon quantum number ܳ, and ݇ and	݇ᇱ denote the electron quantum number at initial and final 
states, respectively. The scattering probabilities of electrons at initial energy ߝ௞ and final energy 
ߝ௞ᇲ are described by the matrix	ܯ௞,	௞ᇲ.	ܵሺ݇, 	݇ᇱሻ is equal to ሾ൫ ௞݂ െ 	݂௞ᇲ൯݊ொ െ ݂௞ᇲሺ1 െ ௞݂ሻሿ, which 
is defined as the thermal factor to characterize the phonon absorption and emission during 
electron-phonon scattering. ݊ொ is the Bose-Einstein distribution of phonons, ሾ݁ݔ݌	ሺ԰߱ொ/݇஻ ௟ܶሻ െ
1ሿିଵ. 
By introducing the electron-phonon spectral function ߙଶܨሺߝ, ߝᇱ, ߗሻ  at high ௘ܶ ,  
2ሺ԰݃ሺߝிሻ| ೐்ሻିଵ ∑ หܯ௞,	௞ᇲห| ೐்ଶ ߜሺ߱ொ െ ߗሻߜሺߝ௞ െ ߝሻߜሺߝ௞ᇲ െ ߝᇱሻ௞,	௞ᇲ  and multiplying  the three 
integrals, ׬ ߜሺߝ௞ െ ߝሻஶିஶ ݀ߝ , ׬ ߜሺߝ௞ᇲ െ ߝᇱሻ
ஶ
ିஶ ݀ߝᇱ  and ׬ ߜሺ߱ொ െ ߗሻ
ஶ
଴ ݀ߗ ,   ܩ௘ି௣௛  at given ௘ܶ 
becomes 
ܩ௘ି௣௛| ೐் ൌ 1ܸܿ
2ߨ௚ሺఌಷሻ|೅೐
ܶ݁െ	݈ܶ ൛׬ ൣ׬ ൫׬ ߙ
ଶܨሺߝ, ߝᇱ, ߗሻ| ೐்ܵሺߝ, ߝᇱሻ| ೐்ߜ൫ߝ െ ߝ′ ൅ ԰ߗ൯݀ߝ∞െ∞ ൯∞െ∞ ݀ߝ′൧∞0 ԰ߗ݀ߗൟ.  (4)
The energy conservation requires that ߝᇱ െ ߝ ൌ ԰߱, and the electron-phonon spectral function is 
approximated as ߙଶܨሺߝ, ߝᇱ, ߗሻ| ೐் ൌ ݃ሺߝሻ| ೐்݃ሺߝ ൅ ԰ߗሻ| ೐்ߙଶܨሺߝி, ߝி, ߱ሻ/ሾ݃ሺߝிሻ| ೐்ሿଶ  [34], 
where ߙଶܨሺߝி, ߝி, ߱ሻ  is the electron-phonon spectral function at the Fermi energy level ߝி . 
Moreover, at the limit of ݇஻ ௘ܶ ≫ ԰߱ and	݇஻ ௟ܶ ≫ ԰߱, the thermal factor becomes ܵሺߝ, ߝᇱሻ| ೐் ൌሾ݂ሺߝሻ െ ݂ሺߝ ൅ ԰ߗሻሿሺ ௘ܶ െ ௟ܶሻ݇஻/ሺ԰ߗሻ. Because the energy range of electrons is much wider 
than that of phonons,	݃ሺߝሻ is approximately equal to ݃ሺߝ ൅ ԰ߗሻ, and ሾ݂ሺߝሻ െ ݂ሺߝ ൅ ԰ߗሻሿ/ሺ԰ߗሻ 
is rewritten as	െ ߲݂ ߲ߝ⁄ . In addition, at the high ௘ܶ limit, the second moment of ߙଶܨሺߗሻ| ೐் is 
simplified as λ〈ωଶ〉|୘౛ ൌ 2׬ ߙଶܨሺߗሻ| ೐்ߗ݀ߗஶ଴  [33]. Therefore, Eq. (4) becomes 
ܩ௘ି௣௛| ೐் ൌ ଵ௏೎
గ԰௞ಳఒ〈ఠమ〉|೅೐
௚ሺఌಷሻ|೅೐
׬ ݃| ೐்ଶ ሺെ
డ௙|೅೐
డఌ ሻ݀ߝ
ஶ
ିஶ ,  (5)
In Eqs. (1), (2) and (5), ݃| ೐், ݂| ೐், ݃ሺߝிሻ| ೐் and ߣ〈߱ଶ〉| ೐் are all ௘ܶ dependent variables, which 
can be calculated by ab initio QM approach. At low ௘ܶ, because ߲݂| ೐்/߲ߝ is a delta function, ܩ௘ି௣௛| ೐் in Eq. (5) becomes ߨ԰݇஻ߣ〈߱ଶ〉| ೐்݃ሺߝிሻ| ೐்/ ௖ܸ. The derivation of Eq. (5) was reported 
without considering the laser induced changes of ߣ〈߱ଶ〉, ݃ሺߝிሻ and ݃ [8]. In this paper, we obtain ݃| ೐், ݂| ೐், ݃ሺߝிሻ| ೐் and ߣ〈߱ଶ〉| ೐் at given ௘ܶ as the first step [10] and make connections of each 
individual ܥ௘| ೐், ݇௘| ೐் and ܩ௘ି௣௛| ೐் to get the ௘ܶ dependent thermophysical parameters of laser 
excited electrons. 
2.2 Combined MD-TTM simulation and its integration with QM    
Due to the limitation of TTM in probing the atomistic scale details of lattice temperature ௟ܶ 
evolution and mechanisms of phase change phenomena induced by laser heating, MD simulation 
is introduced to model the motion of atoms in lattice subsystem. Meanwhile, the electron 
subsystem is characterized by TTM to describe the laser energy deposition, electron 
thermalization, heat conduction, and the part of thermal energy transferring from the electron 
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subsystem to the lattice subsystem. The electron subsystem is divided into ܰ  cells with ௏ܰ 
(variable) atoms in the volume of ேܸ. In this paper, the ௘ܶ dependent electron thermophysical 
parameters	݇௘, ܥ௘ and ܩ௘ି௣௛ in Eqs. (1), (2) and (5) are implemented into the energy equation of 
electron subsystem in TTM 
ܥ௘ డ ೐்డ௧ ൌ
డ
డ௫ ሺ݇௘
డ ೐்
డ௫ ሻ െ ܩ௘ି௣௛ሺ ௘ܶ െ ௟ܶሻ ൅ ܵሺݔ, ݐሻ,  (6)
where ܵሺݔ, ݐሻ  is the source term due to laser heating. Equation (6) was solved by a finite 
difference method (FDM) as a 1D problem in ݔ-direction. The temporal evolution of ܵሺݔ, ݐሻ 
obeys Gaussian distribution, 
ܵሺݔ, ݐሻ ൌ ଴.ଽସ௃ೌ್ೞ௧೛௅೚೛ ݁ݔ݌ሺെ
௫
௅೚೛ା௅್ೌሻ݁ݔ݌ሾെ2.77
ሺ௧ି௧బሻమ
௧೛మ ሿ,  (7)
where ܬ௔௕௦ is the absorbed laser fluence. The attenuation of absorbed laser energy agrees with 
the Beer-Lambert law. The optical penetration depth ܮ௢௣ ൌ 12	݊݉ [35] and ballistic laser energy 
transport depth ܮ௕௔ ൌ 56	݊݉  [30]are used to represent the effective range of laser energy 
deposition ܮ௣. The temporal center point of the laser beam locates at ݐ଴ ൌ 25	݌ݏ, which indicates 
the maximum value of laser intensity occurs at 25	݌ݏ. The full width at half maximum (FWHM) 
is 500	݂ݏ, which is defined as the laser pulse duration ݐ௣.  
In one MD time step ∆ݐெ஽ ൌ 1݂ݏ of simulating the atomic motion in lattice subsystem, the FDM 
computation of electron subsystem is performed ݊௧ ൌ 200 times of with a FDM time step of ∆ி஽ெൌ 0.005݂ݏ. The von Neumann stability criterion [36] has to be met, namely, 
∆ݐி஽ெ ൌ ∆௧ಾವ௡೟ ൏ 0.5∆ݔி஽ெ
ଶ ஼೐
௞೐ ൌ 1.5
∆௫ಷವಾమ
௩ಷమఛ೐
,  (8)
At each time step of MD simulation, the energy transferring from electron subsystem to lattice 
subsystem for a given FDM cell is modeled as [22] 
ܧ்௥௔௡௦௙௘௥ ൌ ∆௧ಾವ௡೟ ∑ ܩ௘ି௣௛ ேܸሺ ௘ܶ
௞ െ ௟ܶሻ௡೟௞ୀଵ ,  (9)
where ௘ܶ௞ is the average electron temperature in each ∆ݐெ஽. Therefore, the equation of atomic 
motion include the force from interatomic potential and the force induced by thermal energy 
transferred to the lattice subsystem, i.e.,, 
݉௜ ௗ
మ࢘࢏
ௗ௧మ ൌ െߘܷ ൅
ா೅ೝೌ೙ೞ೑೐ೝ
∆௧ಾವ
௠೔࢜೔೅
∑ ௠ೕቀ࢜ೕ೅ቁ
మಿೇೕసభ
, 
(10)
where ݉௜ , ࢘࢏  and ࢜௜்  are the mass, position and thermal velocity of atom ݅ . The interatomic 
potential ܷ of silver is described by the embedded atom method (EAM), which was developed 
by fitting the potential energy surface from QM calculation [37].  
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2.3 Simulation details 
The QM-MD-TTM integrated framework is constructed by combing Eqs. (1), (2), (5), (6) and 
(10). The simulation code is developed as an extension of the TTM part in the IMD [38] and the 
ABINIT [39]. The QM calculation was performed by using finite temperature density function 
theory (FT-DFT) for perfect silver lattice for ௘ܶ  ranging from 300	ܭ  to 3 ൈ 10ସ	ܭ . For the 
reason that the energy separating core electrons to the valence band is tens of ܸ݁ (for ௘ܶ in the 
magnitude of 10ହ	ܭ), the valence electrons 4݀ଵ଴5ݏଵ were taken explicitly during femtosecond 
laser excitation of electron. In other words, the excitations from core electrons into the valence 
band were not taken into account. The local density approximation (LDA) was employed in 
calculating the exchange and correlation energy. After convergence test, a plane wave cutoff of  
28	ܸ݁  and a Monkhorst Pack mesh of 10 ൈ 10 ൈ 10  ݇ -point were adopted in the FT-DFT 
calculation. Fifty bands were set to allow sufficient states to be occupied of during the high laser 
energy excitation of electrons.  
 
Fig. 1   Schematic show of the established system and direction of laser irradiation. 
Figure 1 shows a schematic view of simulation system, which is consisted with three components 
along the incidence of laser pulse (ݔ-direction). The first and third components are two empty 
spaces, which are set to allow thermal expansion and ablation of the silver film under 
femtosecond laser heating. The middle component is the silver film with equal width and length 
of 4.0853	݊݉ in ݕ- and ݖ-directions. The film thickness is 653.6480	݊݉. During the simulation, 
periodic boundary conditions (PBC) were applied in both the ݕ- and ݖ-directions of the modeled 
system. The front surface and rear surface of the silver film were set as free boundaries. The total 
simulation time was 160	݌ݏ , which included the first 5	݌ݏ  of canonical ensemble (NVT) 
simulation to initialize the system at equilibrium state and another 5	݌ݏ  of micro-canonical 
ensemble (NVE) simulation to check whether the thermal equilibrium had reached. Since the 
QM part occupied major computational load in the QM-MD-TTM integrated simulation, the QM 
part was carried out firstly to achieve the quantitative relationship (by means of polynomial fitting) 
of electron temperature with electron heat capacity, electron thermal conductivity (which also 
depends on the lattice temperature) and electron-phonon coupling factor. Subsequently, the MD-
TTM combined simulation was carried out by calling the polynomial functions. 
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3. Results and discussion 
3.1 Electron thermophysical parameters	࡯ࢋ, ࢑ࢋ and ࡳࢋି࢖ࢎ 
 
Fig. 2   (a) The electron density of states	ࢍ, (b) Fermi-Dirac distribution ࢌ obtained from ab initio quantum 
mechanical calculation. 
Before calculating the electron heat capacity	ܥ௘, electron thermal conductivity ݇௘ and effective 
electron-phonon coupling factor ܩ௘ି௣௛ modeled in Section 2.1, electron density of states ݃ and 
Fermi-Dirac distribution function ݂ have to be available from QM calculation. Figure 2 shows 
the calculated ݃ and ݂ of ௘ܶ at 300	ܭ, 1 ൈ 10ସ	ܭ, 2 ൈ 10ସ	ܭ, and 3 ൈ 10ସ	ܭ . The zero point of ߝ is set as the Fermi energy ߝி. As seen in Fig. 2(a), ݃ shows significant changes of electron for 
௘ܶ  ranging from 1 ൈ 10ସ	ܭ  to  3 ൈ 10ସ	ܭ . Whereas, the variation of ݃  at ௘ܶ ൏ 1 ൈ 10ସ	ܭ  is 
marginal, which demonstrated the large scale excitation of ݀  band electrons starts at ௘ܶ ൒10,000	ܭ. With the increase of ௘ܶ, ݃ exhibits a gradual shrinkage and left shift to the lower ߝ. 
The change of ݃ was explained by the changes of electronic screening [40]. Owing to the laser 
excitation of the electrons, the number of 4݀ଵ଴ decreases, which results in a more attractive 
electron-ion potential. Therefore, the overall distribution of electron states move to lower ߝ. 
Figure 2(b) indicates that ݂ gets smeared at higher ௘ܶ. In addition, the central value of ݂ ൌ 0.5 
locates at higher ߝ for the case of higher  ௘ܶ, which is sourced from the increase of ߤ at excited 
electron states. The detailed values of ߤ െ ߝி at given ௘ܶ is showed in Fig. 3(a). It can be seen 
that the increase of ߤ  becomes obvious for ௘ܶ  from 1 ൈ 10ସ	ܭ  to 3 ൈ 10ସ	ܭ . When the ௘ܶ 
approaches to the Fermi temperature of silver, the increase of ߤ becomes slower. According to 
[30], the number of valence electrons is ௘ܰ௩ ൌ ׬ ݂݃݀ߝஶିஶ . Therefore, in order to keep the number 
of valence electrons as constant, the left shift and shrinkage of ݃ has to be compensated by the 
overall right movement of ݂ (including the increasing	ߤ).  
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Fig. 3   Evolutions of (a) the difference of chemical potential ࣆ from Fermi energy ࢿࡲ; (b) the electron 
density of states	ࢍ at Fermi energy ࢿࡲ; (c) the second momentum of ૃ〈૑૛〉 of electron-phonon spectral 
function ࢻ૛ࡲሺࢹሻ at given ࢀࢋ. 
 
 
Fig. 4   The electron temperature ࢀࢋ dependent electron heat capacity	࡯ࢋ: (a) by taking the variations of 
density of states	ࢍ and Fermi-Dirac distribution ࢌ at different ࢀࢋ; (b) by ignoring the change of ࢍ at 
different ࢀࢋ [8]; (c) by estimating from free electron gas model [41].   
By including the effects of ௘ܶ induced variations of ݃ and ݂ in Eq. (1), the calculated electron 
heat capacity ܥ௘ at given ௘ܶ is plotted in Fig. 4. The free electron number density of silver is 5.57 ൈ 10ଶ଼/݉ଷ, which takes four electron 5ݏଵ per face centered unit (FCC) unit cell. The fermi 
energy ߝி  of silver is 5.49	ܸ݁ [41]. Therefore, the theoretical ߛ௧௛  derived from Section 2.1 is 62.76	ܬ/ሺ݉ଷܭଶሻ , which is approximately equal to the experimentally obtained coefficient 
63.30	ܬ/ሺ݉ଷܭଶሻ  [42]. For the purpose of comparison, another QM calculated ܥ௘  without 
including the effect of ௘ܶ  induced variation of ݃  [8], and ܥ௘ ൌ ߛ௧௛ ௘ܶ  obtained from the free 
electron gas model are also plotted in Fig. 4. When ௘ܶ ൏ 0.5 ൈ 10ସ	ܭ, there are overlaps among 
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three ܥ௘  computed by using different methods, which implicitly demonstrates the number of 
excited electron is only 5ݏଵ. When ௘ܶ continues increasing from 0.5 ൈ 10ସ	ܭ to higher values, 
the 4݀ଵ଴ electrons get excited as a result of breakdown of the linear relationship between ܥ௘ and 
௘ܶ, as well as the redistribution of ݃. Due to the left shift of ݃ to lower ߝ and narrowing the ݀- 
band ݃ distribution, the term ሺ߲݃| ೐் ߲ ௘ܶ⁄ ሻ݂| ೐் in Eq. (1) brings negative effect in calculating ܥ௘, 
which leads to smaller ܥ௘ in the present work than that treating ݃ as a ௘ܶ independent parameter 
[8]. 
 
Fig. 5   The electron temperature ࢀࢋ dependent electron thermal conductivity ࢑ࢋ at lattice temperatures of 
room temperature (૜૙૙	ࡷ), melting point ሺࢀ࢓ ൌ ૚૛૜૝. ૢ૜	ࡷሻ and boiling point ࢀ࢈ ൌ ૛૝૜૞	ࡷ. 
Figure 5 shows the electron thermal conductivity ݇௘ calculated from Drude model in Eq. (2). 
Since ݇௘ is a function of both ௘ܶ and ௟ܶ, there are three cases (for ௟ܶ ൌ 300	ܭ, 1234.93	ܭ and 2435	ܭ) plotted in Fig. 5; these cases correspond to the conditions of ௟ܶ at room temperature, 
melting point and boiling point. When the electron are heated at the same degree, higher ௟ܶ results 
in smaller ݇௘. When ௘ܶ ൏ 0.75 ൈ 10ସ	ܭ, even though the increase of ௘ܶ brings negative effect to 
the right side of Eq. (2), the increase of ܥ௘ plays the dominant role in promoting the electron heat 
conduction, which leads to the monotonous increase of ݇௘. As seen in Fig. 4, the increasing rate 
of ܥ௘  from 0.5 ൈ 10ସ	ܭ  to 0.75 ൈ 10ସ	ܭ is faster than that from 300	ܭ  to 0.5 ൈ 10ସ	ܭ . 
Nevertheless, for the case of 	 ௟ܶ ൌ 300	ܭ, due to the quadratic increase of ௘ܶଶ  and relatively 
smaller ௟ܶ  than the other two cases in Fig. 5, ݇௘  (for ௟ܶ ൌ 300	ܭ) shows the most complex 
increasing curve among the three cases. With the continuous increase of ௘ܶ above 1 ൈ 10ସ	ܭ, ݇௘ 
for all the three cases render decreasing trends. It should be noted that the differences among ݇௘ 
for the three cases become smaller at higher ௘ܶ.  
Before obtaining the effective electron-phonon coupling factor ܩ௘ି௣௛, the ௘ܶ dependent ݃ሺߝிሻ 
and ߣ〈߱ଶ〉 in Eq. (5) have to be available as prerequisites. Figure 3(b) and 3(c) show ݃ሺߝிሻ and ߣ〈߱ଶ〉 at given ௘ܶ . As seen in Fig. 3(b), when ௘ܶ ൐ 0.5 ൈ 10ସ, ݃ሺߝிሻ continuously decreases 
with increasing ௘ܶ . Recalling ݃ሺߝிሻ is the denominator in Eq. (5), it can be concluded that 
decrease of electron density of state at Fermi level contributes to enhancing ܩ௘ି௣௛ at higher ௘ܶ. 
The gentle change of ݃ሺߝிሻ  from 300	ܭ  to 0.5 ൈ 10ସ  agrees with the aforementioned ݃  in 
computing ௘ܶ  dependent ܥ௘ . Whereas, the change of ݃ሺߝிሻ  at different levels of electron 
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excitation is absent in calculation of ܩ௘ି௣௛ in [8]. On the basis of computing the electron-phonon 
spectral function ߙଶܨሺߗሻ , its second moment ߣ〈߱ଶ〉  is obtained and plotted in Fig. 3(c). 
According to the reported electron-phonon coupling constant ߣ ൌ 0.12  in [43], ߣ〈߱ଶ〉  is 
22.5	ܸ݉݁ଶ, which reveals that the calculated ߣ〈߱ଶ〉 at low ௘ܶ is in good agreement of with the 
empirical value. However, when ௘ܶ  increases from 0.75 ൈ 10ସܭ  to 2 ൈ 10ସ	ܭ , obvious 
increment of ߣ〈߱ଶ〉 is exhibited in Fig. 3(c), which indicates that the strength of electron-phonon 
coupling evolves stronger than stronger. The calculated results of ߙଶܨሺߗሻ in this paper show that 
when ௘ܶ ൐ 	2 ൈ 10ସ	ܭ, the high frequency ߗ parts of ߙଶܨሺߗሻ gradually decrease. Therefore, ߣ〈߱ଶ〉 becomes smaller with the increase of ௘ܶ above 2 ൈ 10ସ	ܭ. The overall evolution of ܩ௘ି௣௛ 
is depicted in Fig. 6, which presents increasing trend with the increase of ௘ܶ . When 0.25 ൈ10ସ	ܭ ൏ ௘ܶ ൏ 	0.5 ൈ 10ସ	ܭ, there are marginal changes of ݃ሺߝிሻ and slight decrease of ߣ〈߱ଶ〉. 
However, ܩ௘ି௣௛  still shows small increase, which is caused by the dominant role of Fermi 
smearing. For the purpose of comparison, another ab initio calculated ܩ௘ି௣௛ by treating	݃ሺߝிሻ , 
݃ and ߣ〈߱ଶ〉 as constants [8], and Chen’s phenomenological ܩ௘ି௣௛ [32] are plotted in Fig. 6. The 
parameter ܩோ் in the Chen’s phenomenological model was taken as 3.5 ൈ 10ଵ଺	ܹ/ሺ݉ଷܭሻ [44], 
which was measured for a silver film with thickness of 45	݊݉ in femtosecond by using optical 
transient-reflection technique. Significant discrepancies are shown between ܩ௘ି௣௛ calculated in 
this paper and ܩ௘ି௣௛  reported in [8]. The treatments of ௘ܶ  independent ݃ሺߝிሻ , ݃  and ߣ〈߱ଶ〉 
eliminate the impacts of these three parameters to the electron-phonon coupled heat transfer at 
specified ௘ܶ  [8], which results in deviations from ܩ௘ି௣௛  determined in the present work. The 
phenomenological ܩ௘ି௣௛ includes both the effects brought by ௘ܶ and ௟ܶ, but it is limited by the 
precondition of experimentally measured ܩோ். In the QM-MD-TTM integrated simulation, the 
௘ܶ	dependent ܥ௘ and ܩ௘ି௣௛  were fitted as polynomial functions, which enabled the prediction of 
coupling factor and electron heat capacity when electron temperature is above 30, 000	ܭ. 
 
Fig. 6   The electron temperature ࢀࢋ dependent effective electron-phonon coupling factor ࡳࢋି࢖ࢎ from ab 
initio quantum mechanical calculation (a) by including the ࢀࢋ dependence of  ࢍ, ࢌ and ૃ〈૑૛〉; (b) by 
treating ࢍ and ૃ〈૑૛〉 as constants [8]; (c) from Chen’s phenomenological model [32]. 
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3.2 Laser melting of the silver film 
By setting the absorbed laser fluence as ܬ௔௕௦  as 0.1	ܬ/ܿ݉ଶ , both heterogeneous melting and 
homogeneous melting of the silver film were found. When it comes to study the phase transition 
from solid to liquid, to identify solid and liquid states is a challenging problem. There are several 
approaches available to differentiate the solid and liquid states, such as, setting up a criterion 
from local order calculation [22], comparing the lattice temperature with the melting point [45] 
and the measured mean square displacement with Lindemann’s criterion [46], performing 
common neighbor analysis (CNA) method to characterize the deformation of FCC silver crystal 
[47], as well as calculating the spatial density distribution to find the homogenous melted region 
[11].  
 
 
Fig. 7   Snapshots of atomic view for the front surface from ૛૞	࢖࢙ to ૜ૢ	࢖࢙. The colors are characterized 
from common neighbor analysis (CNA). Grey color denotes face centered cubic (FCC) lattice structure of 
solid silver. Red color is for those laser melted regions. (Note: Color online for this figure.) 
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In this paper, CNA was used to study the local crystal structure change of silver film. At each 
MD time step, numbers representing the crystal structure were output along with the atomic 
coordinate. The melting process was detected by rendering overall atomic CNA values with given 
colors. For the FCC silver crystal, it was rendered in light (grey) color. The laser melted silver 
(disordered atomic configuration) was plotted in dark (red) color. By visualizing from OVITO 
[48], the snapshots of atomic configurations with colors labeled from CNA results are shown in 
Fig. 7. Only part of the silver film is shown. With the evolution of simulation time, the number 
of disordered atoms are increasing. It can be seen in Fig. 7 that the heterogeneous melting 
penetrates to tens of nanometers into the silver film in 1	݌ݏ (from 25	݌ݏ to 26	݌ݏ). Meanwhile, 
there is a small region of pure red in the front surface of the silver film, which demonstrates the 
homogenous melting appears. Owing to nonequilibrium state between the electron subsystem 
and the lattice subsystem, thermal energy continuously transports from the hot electron to cold 
lattice, which results in some of the homogenous melting regions are heated into homogenous 
regions. The interface between homogenous melting and heterogeneous melting are identified by 
the whether all the silver atoms are melted. As seen in the homogenous melting region in Fig. 7, 
there is no silver atoms aggregating in terms of face centered cubic (FCC) state. Whereas in the 
heterogeneous melting region (deeper below the homogenous melting), there are mixed silver 
atoms aggregating in terms FCC and non-FFC states. As seen from 26	݌ݏ to 60	݌ݏ, with larger 
number of regular FCC arranged silver atoms being heated, the heterogeneous melting region 
develops deeper inside the silver film. Some individual atoms locating in the front surface of 
silver film is heated and vaporized into the empty space. Between the totally disordered atoms 
and the partially regular FCC arranged atoms, a rough interface of homogenous melting and 
heterogeneous melting is seen at 120	݌ݏ. From 120	݌ݏ to 160	݌ݏ, ݔ-direction advancement of 
the interface stops, which demonstrates the femtosecond laser induced thermal melting of silver 
film has been fully developed. By employing femtosecond electron diffraction, structural 
evolution of an aluminum film reported the resemble long range disorder and short range liquid 
structure [49]. 
The temporal and spatial distribution of normalized density ( ߩ∗ ൌ ߩ/ߩ଴ , where ߩ଴ ൌ10.49	݃/ܿ݉ଷ is density of silver at room temperature) is seen in Fig. 8(a). It can be seen that 
since the central point (25	݌ݏ) of femtosecond laser heating, a compressed region (ߩ∗ ൐ 1) is 
generated at the front surface of the silver film. The compressed region develops deeper inside 
the film and produces greater number of compressed regions with intervals of normal region 
(ߩ∗ ൎ 1). Moreover, there are expanded regions (ߩ∗ ൏ 1) appearing in path right after the 
travelling of the compressed region. It should be noted that some expanded regions are generated 
at the rear surface since 25	݌ݏ and travel to the opposite direction of the major compressed and 
expanded regions. By taking an overall look of Fig. 8(a), the individual compressed and expanded 
regions form density waves. Both the front and rear surfaces expand with the evolution of time. 
On the front and rear surfaces of the silver film, ߩ∗ shows values smaller than 0.6. For the reason 
that ߩ∗ of the vaporized atoms seen in Fig. 7 are too small, they are not seen in the empty space 
in Fig. 8.  A region with stable and uniform density lower than ߩ଴ appears below the front surface, 
which agrees with the heterogeneous melting discussed from CNA result in Fig. 7. 
Electron temperature ௘ܶ 	and lattice temperature ௟ܶ of the femtosecond laser heated silver film are 
depicted in Fig. 8(b) and 8(c), respectively. The spatial distribution of ௘ܶ at 25	݌ݏ shows abrupt 
elevation due to the  absorption of  ultrashort  laser  energy.  For the region  ݔ ൒ 392.1888	݊݉,  
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Fig. 8   Temporal and spatial distribution of normalized density ࣋∗, electron temperature ࢀࢋ and lattice 
temperature ࢀ࢒ for the absorbed laser fluence ࡶࢇ࢈࢙ ൌ ૙. ૚	ࡶ/ࢉ࢓૛. 
because of relatively smaller ௘ܶ െ ௟ܶ than that in the region 196.0944	݊݉ ൏ ݔ ൏ 392.1888	݊݉, 
the electron subsystem get thermal equilibrium with the lattice subsystem 25	݌ݏ  to 45	݌ݏ . 
However, for the region 196.0944	݊݉ ൏ ݔ ൏ 392.1888	݊݉, comparing ߩ∗ distribution in Fig. 
8(a) with ௟ܶ distribution in Fig. 8(c), superheating is concluded (the melting point of silver ௠ܶ ൌ1234.93	ܭ ) from 25	݌ݏ  to 45	݌ݏ . At interface between heterogeneous melting region and 
homogeneous melting region, the same clear interface of ௟ܶ is shown between the two regions. 
In Fig. 8(c), when ݔ ൒ 392.1888	݊݉, a band of atoms exhibit higher ௟ܶ  for the compressed 
region than ௟ܶ of the neighboring atoms from 80	݌ݏ to 160	݌ݏ. It is because of the atoms in the 
compressed region carry greater thermal energy than their neighboring atoms. Moreover, it 
should be noted that the present simulation only focuses on the temporal range from 25 ps 
(maximum laser intensity of femtosecond laser pulse irradiation) to 160 ps. With time goes on, a 
final thermal equilibrium state with the cooling down of the front surface and continuous heating 
of the rear surface of the bulk silver film will occur. From the thermophysical perspective, the 
femtosecond laser heated electron subsystem and electron-phonon coupled energy transfer to the 
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lattice subsystem, result in laser melting. More specifically, the heterogeneous melting is induced 
by the fast heat conduction of the heated electrons from the front surface to the deeper region. 
However, due to the insufficient energy in the electron subsystem, partial silver atoms get melted, 
which is observed as heterogeneous melting. As seen in the Fig. 5 of the electron thermal 
conductivity, when the electron temperature is greater than 10,000 K, both higher electron and 
lattice temperatures lead to lower electron thermal conductivity, which further weakens the 
locally deposited laser energy conducts to the deeper electron regions. Therefore, all the silver 
atoms are melted as homogenous melting. Moreover, the greater electron heat capacity and 
electron-phonon coupling factor at higher electron temperature, contribute to the larger amount 
of thermal energy absorbed by the lattice subsystem in the homogenous melting region. 
3.3 From melting to ablation 
When the absorbed fluence ܬ௔௕௦ of incident femtosecond laser pulse increased from 0.1	ܬ/ܿ݉ଶ 
to greater value, ablation was detected from the front surface of the silver film. Figure 9 shows 
the simulation results of normalized density ߩ∗, thermal stress ߬௫௫ and lattice temperature ௟ܶ for ܬ௔௕௦ ൌ 0.2	ܬ/ܿ݉ଶ. 
The laser ablation occurs right below the front surface, which results from the excessively heated 
electron subsystem and thermal expansion of locally superheated lattice via electron-phonon 
coupled energy transfer. Figure 9(a) shows the temporal and spatial distribution of ߩ∗. From 
25	݌ݏ to 70	݌ݏ, a melted region emerges from the front surface of the silver film. Unlike ߩ∗ 
shown in Fig. 8(a), the melted region in Fig. 9(a) exhibits appreciable thermal expansion to the 
empty space and rapid melting into the inner side of the silver film. Right after 80	݌ݏ, the ablation 
happens. Atomic view of the evolution from melting to ablation is seen in Fig. 10. Owing to the 
increase of ܬ௔௕௦, the atomic snapshot at 80	݌ݏ shows preliminary signs of ablation for the region 
from 196.0944	݊݉  to 294.1416	݊݉ . A void is seen for the atoms locating right below 
196.0944	݊݉. In the Fig. 10(b) at 80	݌ݏ, individual atoms are seen in the front space of the 
computational domain. Meanwhile, a large atomic aggregation tends to leave the silver film. 
From 80	݌ݏ to 160	݌ݏ, the outmost atomic aggregation has the highest speed (747	݉/ݏ) ablated 
away from the silver film, which is almost equal to the speed of thermal expansion (from 25	݌ݏ 
to 80	݌ݏ) of the front surface. At 160	݌ݏ in Fig. 10, there are atomic aggregations with clear 
boundaries ablated from the silver film. The innermost atomic aggregation is the last ablated one, 
which leaves a gradually enlarged distance from the bulk film. After its ablation, the 
homogeneous melting region present steady thickness without appreciable thermal expansion in 
Fig. 9(a). Comparing the location of innermost ablated aggregation Fig. 9(a) with Fig. 10(a) at 
160	݌ݏ, it can be seen the location of the ablated aggregation is almost equal, which proves the 
validity of multiscale coupling between the MD simulation and TTM calculation. 
In order to elucidate the mechanism behind ablation, the computed thermal stress ߬௫௫ and ௟ܶ 	are 
depicted in Figs. 9(b) and 9(c), respectively. Virial theorem was adopted in the calculation of 
߬௫௫[50]. As seen in the QM calculated results, the higher electron temperature leads to the higher 
electron heat capacity, electron-phonon coupling factor, and lower electron thermal conduction, 
which results in greater degree of locally heat electron and lattice. As seen from Fig. 9(b), high 
߬௫௫ (in black color) is generated since laser heating and develops into two parts at 42	݌ݏ. One of 
the high ߬௫௫ develops inside the silver film, with decreasing ߬௫௫ left behind its travelling path. 
The other high ߬௫௫ is carried by the ablated atomic aggregations. To the time scale of the current 
simulation, the ablated atomic aggregation is  metastable.  Whether the atomic aggregation  will 
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Fig. 9   Temporal and spatial distribution of normalized density ࣋∗, thermal stress ࣎࢞࢞ and lattice 
temperature ࢀ࢒ for the absorbed laser fluence ࡶࢇ࢈࢙ ൌ ૙. ૛	ࡶ/ࢉ࢓૛. 
maintain its shape in nanosecond and millisecond time scale is under uncertainty. From the 
perspective of thermal and mechanical engineering, the remained silver film after ablation of the 
front surface is the major interest. From 25	݌ݏ  to 50	݌ݏ , there is an obvious temperature 
boundary in the spatial distribution of ௟ܶ in Fig. 9(c), which has temperature ~2,500	ܭ. Whereas, 
௟ܶ of the two regions below and above the boundary are up to 3,000	ܭ. Comparing with the 
boiling point of silver ௕ܶ ൌ 2,435	ܭ, a conclusion of locally superheated silver existing in the 
front surface is drawn. Due to continuous thermal energy transporting from the electron 
subsystem to the lattice subsystem, thermal expansion of the locally superheated region happens. 
Furthermore, due to the relaxation of the compressive ߬௫௫ and the free boundary condition is 
applied in the surface of the silver film, tensile ߬௫௫  is generated. Additionally, the ultrafast 
thermal expansion results in decrease of ௟ܶ in the superheated region from 50	݌ݏ to 76	݌ݏ and a 
number of atomic aggregations being ablated subsequently. The inner ablated four atomic 
aggregations present smaller ௟ܶ  and lower ߬௫௫  than the outer four atomic aggregations. In 
addition, Fig. 9(b) shows ߬௫௫ at the starting points of the inner four ablated atomic aggregations 
are smaller than ߬௫௫ at the deeper regions (with black contour), which indicates the ablation is 
driven by the excessively superheated silver and its thermal expansion. Analogical to discussion 
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of the laser melting, homogenous melting and heterogeneous melting are observed sequentially 
along the ݔ-direction of the remained silver film. 
 
Fig. 10   Atomic view of femtosecond laser heat silver evolving from melting to ablation, (a) the atoms 
locating from ૚ૢ૟. ૙ૢ૝૝	࢔࢓ to ૛ૢ૝. ૚૝૚૟	࢔࢓; (b) the atoms locating from ૢૡ. ૙૝ૠ૛	࢔࢓ to 
૚ૢ૟. ૙ૢ૝૝		࢔࢓. The initial location of the front surface of the silver film is at ૚ૢ૟. ૙ૢ૝૝	࢔࢓. Therefore, the 
space from ૢૡ. ૙૝ૠ૛	࢔࢓ to ૚ૢ૟. ૙ૢ૝૝		࢔࢓ is empty before laser irradiation, which is not drawn in (b). 
 
Fig. 11 ࢀࢋ dependent electron-phonon relaxation time ࣎ࢋି࢖ࢎ,ࡽࡹ estimated from QM, temporal threshold of 
electron thermal confinement ࢚࣎ࢎ,ࢋ and lattice thermal confinement ࢚࣎ࢎ,࢒.     
The mechanical confinement and thermal confinement are two major explanations interpreting 
the femtosecond laser ablation [51–53]. The confinement says that a net force exerting on the 
cold lattice to ablate the metal film, which obviously deviates from the simulation results of 
heated lattice in Fig. 9. The prerequisite of stress confinement refers the maximum timescale of 
laser pulse duration ݐ௣ and electron-phonon scattering time ߬௘ି௣௛ is smaller than ߬௖ ൌ ܮ௣/ܥ௦ ൌ
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25.3731	݌ݏ [53], where ܮ௖ ൌ 68	݊݉ is the laser penetration depth and ܥ௦ ൌ 2680	݉/ݏ is the 
speed of sound in silver. Figure 11 which shows that QM estimated ߬௘ି௣௛,ொெ is much greater 
than ߬௖. The estimation of ߬௘ି௣௛,ொெ comes from the ratio of ܥ௘ to ܩ௘ି௣௛ from the QM calculated 
result. Therefore, the ablation observed in this paper is not induced by mechanical confinement. 
The thermal confinement says that the energy transporting from hot electron to cold lattice leads 
fast thermal expansion of lattice, which agrees with simulation result seen in Fig. 9. The condition 
for thermal confinement is defined when the timescale of laser pulse duration ݐ௣ is smaller than 
߬௧௛ ൌ ܮ௣ଶ /ߙ௧௛[51], where ߙ௧௛ is the thermal diffusivity of the laser heated system (either lattice 
subsystem or electron subsystem). For the lattice subsystem, ߬௧௛,௟ ൌ 26.5090	݌ݏ, since the lattice 
thermal conductivity and heat capacity are treated as constants. For the electron subsystem, ߬௧௛,௘ 
is a variable seen in Fig. 11, which is thousands of times longer than ߬௧௛,௟. In the present paper, 
ݐ௣ is 500	݂ݏ, which is significantly shorter than the time needing for dissipating the absorbed 
laser energy by both electron and lattice thermal conduction. Therefore, thermal confinement is 
the reason leads to ablation of atomic aggregations from the laser irradiated front surface of the 
silver film. 
Table 1. Depth of homogeneous melting	ࡸ࢓ࢋ࢒, number of atomic aggregation ࢔ࢇ࢈࢒ and 
depth of ablation ࡸࢇ࢈࢒. 
ܬ௔௕௦	ሺܬ/ܿ݉ଶሻ	 ܮ௠௘௟ ሺ݊݉ሻ ݊௔௕௟ ܮ௔௕௟	ሺ݊݉ሻ	
0.0750	 N/A N/A N/A	
0.0813	 13.7266 N/A N/A	
0.0875  32.6824 N/A N/A	
0.1000	 71.9013 N/A N/A	
0.1125	 91.5107 N/A N/A	
0.1188	 94.7790 N/A N/A	
0.1250	 111.1202 1 65.3648	
0.1500	 137.2661 3 91.5107	
0.1750	 156.8755 7 104.5837	
0.2000	 176.4850 8 88.2425	
Note:	All	the	values	in	the	table	are	measured	at	ݐ ൌ 160	݌ݏ.	All	the	depths	are	measured	
by	taking	the	initial	location	of	the	front	surface	(ݔ ൌ 196.0944	݊݉)	as	the	reference	point.	
“N/A”	denotes	the	phenomenon	is	not	observed	at	given	laser	fluence.	
3.4 Depths and thresholds of melting and ablation  
Table 1 lists the depth of homogenous melting ܮ௠௘௟, number of atomic aggregations ݊௔௕௟ and 
depth of ablation ܮ௔௕௟, which were obtained by performing QM-MD-TTM integrated simulation 
for ܬ௔௕௦  ranging from 0.075	ܬ/ܿ݉ଶ  to 0.2	ܬ/ܿ݉ଶ . ܮ௠௘௟  is measured as the distance from the 
initial location of the front film surface (ݔ ൌ 196.0944	݊݉ ) to the interface between the 
homogenous melted region and the heterogeneous melted region. ܮ௠௘௟  provides quantitative 
result depth of homogenous melting with the increase of laser fluence in Table 1. At the present, 
it is still hard to get the depth of melting, since the heterogeneous melting exists in the deeper 
region below the depth of homogenous melting. ܮ௔௕௟ is the distance from the initial location of 
the front surface to location of the remained bulk silver the film after the innermost ablation. As 
seen in the second column in Table 1, ܮ௠௘௟ develops deeper for higher ܬ௔௕௦ of femtosecond laser 
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heating. The estimated ranges for thresholds of melting 	ܬ௠௘௟  and ablation ܬ௔௕௟  are obtained 
according to the occurring sequence from melting to ablation. It is found that homogenous 
melting starts when 0.075	ܬ/ܿ݉ଶ ൏ ܬ௔௕௦ ൏ 0.0813	ܬ/ܿ݉ଶ. Therefore, it can be concluded that ܬ௠௘௟	 locates in this range. The ablation begins when ܬ௔௕௟ ൐ 0.1188	ܬ/ܿ݉ଶ . One atomic 
aggregation is ablated at the ܮ௔௕௟ ൌ 65.3648	݊݉ for ܬ௔௕௦ ൌ 0.125		ܬ/ܿ݉ଶ. Hence, the threshold 
of ablation is in the range 0.1188	ܬ/ܿ݉ଶ ൏ ܬ௔௕௟ ൏ 0.125	ܬ/ܿ݉ଶ. With the increase of the laser 
fluence, the number of ablated atomic aggregations increase. Even though the ablation depth for 
ܬ௔௕௦ ൌ 0.2		ܬ/ܿ݉ଶ is slightly smaller than that for 0.175		ܬ/ܿ݉ଶ, the number of ablated atomic 
aggregations and melting depth for ܬ௔௕௦ ൌ 0.2		ܬ/ܿ݉ଶ are greater than those for 0.175		ܬ/ܿ݉ଶ, 
which indicates there is more proportion of laser energy contributing to melting than to ablation 
for ܬ௔௕௦ ൌ 0.2		ܬ/ܿ݉ଶ. 
4. Conclusions  
The laser heating of silver film is simulated under the framework of QM-MD-TTM integrated 
simulation. The beginning of ab initio calculation helps to achieve laser excitation dependent 
electron thermophysical properties, which ensures the precision of the subsequent MD-TTM 
coupled simulation. The approach of MD captures the details of atomic motion and provides the 
detailed information on the laser melting process from homogenous melting to heterogeneous 
melting. The effective electron-phonon coupling factor at given electron temperature offers 
dynamic rate of thermal energy transporting from the electron subsystem to lattice subsystem. 
The fundamental microscopic mechanisms of melting and ablation are investigated and revealed. 
Right after laser heating, the heterogeneous melting process initiates along tens of nanometers 
from laser heated surface. Whereas, homogenous melting gradually develops from the front 
surface to the silver film. A finally stable interface between the homogenous melted region and 
the heterogeneous melted region is found in the simulation results. The ablation is observed as a 
result of thermal expansion of the locally superheated silver. Thresholds for the homogenous 
melting and ablation are determined by means of gradually increasing the absorbed laser fluence.     
Acknowledgement 
Support for this work by the U.S. National Science Foundation under grant number CBET- 
133611 is gratefully acknowledged. 
References 
[1] A. Jansen, F. Mueller, P. Wyder, Direct measurement of electron-phonon coupling 
α^{2}F(ω) using point contacts: Noble metals, Phys. Rev. B. 16 (1977) 1325–1328. 
doi:10.1103/PhysRevB.16.1325. 
[2] L.A. Dobrzański, A. Drygała, K. Gołombek, P. Panek, E. Bielańska, P. Zięba, Laser 
surface treatment of multicrystalline silicon for enhancing optical properties, J. Mater. 
Process. Technol. 201 (2008) 291–296. doi:10.1016/j.jmatprotec.2007.11.278. 
[3] J.K. Chen, D.Y. Tzou, J.E. Beraun, A semiclassical two-temperature model for ultrafast 
laser heating, Int. J. Heat Mass Transf. 49 (2006) 307–316. 
doi:10.1016/j.ijheatmasstransfer.2005.06.022. 
20 
 
[4] Y. Zhang, J.K. Chen, An Interfacial Tracking Method for Ultrashort Pulse Laser Melting 
and Resolidification of a Thin Metal Film, J. Heat Transfer. 130 (2008) 62401. 
doi:10.1115/1.2891159. 
[5] K. Sugioka, J. Xu, D. Wu, Y. Hanada, Z. Wang, Y. Cheng, K. Midorikawa, 
Femtosecond laser 3D micromachining: a powerful tool for the fabrication of 
microfluidic, optofluidic, and electrofluidic devices based on glass, Lab Chip. 14 (2014) 
3447–3458. doi:10.1039/C4LC00548A. 
[6] J. Cheng, C. Liu, S. Shang, D. Liu, W. Perrie, G. Dearden, K. Watkins, A review of 
ultrafast laser materials micromachining, Opt. Laser Technol. 46 (2013) 88–102. 
doi:http://dx.doi.org/10.1016/j.optlastec.2012.06.037. 
[7] B.M. Smirnov, Fermi–Dirac Distribution, in: Princ. Stat. Phys., Wiley-VCH Verlag 
GmbH & Co. KGaA, 2007: pp. 57–73. doi:10.1002/9783527608089.ch4. 
[8] Z. Lin, L. V. Zhigilei, V. VCelli, Electron-phonon coupling and electron heat capacity of 
metals under conditions of strong electron-phonon nonequilibrium, Phys. Rev. B. 77 
(2008) 75133. doi:10.1103/PhysRevB.77.075133. 
[9] E. Bevillon, J.P. Colombier, V. Recoules, R. Stoian, First-principles calculations of heat 
capacities of ultrafast laser-excited electrons in metals, Appl. Surf. Sci. 336 (2015) 79–
84. doi:10.1016/j.apsusc.2014.09.146. 
[10] P. Ji, Y. Zhang, Ab initio determination of effective electron–phonon coupling factor in 
copper, Phys. Lett. A. 380 (2016) 1551–1555. 
doi:http://dx.doi.org/10.1016/j.physleta.2016.02.044. 
[11] P. Ji, Y. Zhang, Continuum-atomistic simulation of picosecond laser heating of copper 
with electron heat capacity from ab initio calculation, Chem. Phys. Lett. 648 (2016) 
109–113. doi:http://dx.doi.org/10.1016/j.cplett.2016.02.003. 
[12] P. Ji, Y. Zhang, Electron–Phonon Coupled Heat Transfer and Thermal Response 
Induced by Femtosecond Laser Heating of Gold, J. Heat Transfer. 139 (2017) 52001–
52006. doi:10.1115/1.4035248. 
[13] T.M. Tritt, Thermal conductivity: theory, properties, and applications, Springer Science 
& Business Media, 2004. 
[14] P. Ji, Y. Zhang, Multiscale modeling of femtosecond laser irradiation on copper film 
with electron thermal conductivity from ab initio calculation, Numer. Heat Transf. Part 
A Appl. 71 (2017) 128–136. doi:10.1080/10407782.2016.1257305. 
[15] S.I. Anisimov, B.L. Kapeliovich, T.L. Perel-man, Electron emission from metal surfaces 
exposed to ultrashort laser pulses, J. Exp. Theor. Phys. 66 (1974) 375–377. 
[16] T.Q. Qiu, C.L. Tien, Heat Transfer Mechanisms During Short-Pulse Laser Heating of 
Metals, J. Heat Transfer. 115 (1993) 835–841. http://dx.doi.org/10.1115/1.2911377. 
[17] Y. Mao, M. Xu, Lattice Boltzmann numerical analysis of heat transfer in nano-scale 
21 
 
silicon films induced by ultra-fast laser heating, Int. J. Therm. Sci. 89 (2015) 210–221. 
doi:10.1016/j.ijthermalsci.2014.11.004. 
[18] D.Y. Tzou, A Unified Field Approach for Heat Conduction From Macro- to Micro-
Scales, J. Heat Transfer. 117 (1995) 8–16. http://dx.doi.org/10.1115/1.2822329. 
[19] J. Huang, Y. Zhang, J.K. Chen, Ultrafast solid–liquid–vapor phase change of a gold film 
induced by pico- to femtosecond lasers, Appl. Phys. A. 95 (2009) 643–653. 
doi:10.1007/s00339-009-5156-8. 
[20] P. Ji, Y. Zhang, Femtosecond laser processing of germanium: an ab initio molecular 
dynamics study, J. Phys. D. Appl. Phys. 46 (2013) 495108. doi:10.1088/0022-
3727/46/49/495108. 
[21] C. Yang, Y. Wang, X. Xu, Molecular dynamics studies of ultrafast laser-induced phase 
and structural change in crystalline silicon, Int. J. Heat Mass Transf. 55 (2012) 6060–
6066. doi:10.1016/j.ijheatmasstransfer.2012.06.018. 
[22] D.S. Ivanov, L. V. Zhigilei, Combined atomistic-continuum modeling of short-pulse 
laser melting and disintegration of metal films, Phys. Rev. B. 68 (2003) 64114. 
doi:10.1103/PhysRevB.68.064114. 
[23] Y. Gan, J.K. Chen, An atomic-level study of material ablation and spallation in ultrafast 
laser processing of gold films, J. Appl. Phys. 108 (2010) 103102. 
doi:10.1063/1.3504192. 
[24] S. Sonntag, J. Roth, F. Gaehler, H.R. Trebin, Femtosecond laser ablation of aluminium, 
Appl. Surf. Sci. 255 (2009) 9742–9744. doi:10.1016/j.apsusc.2009.04.062. 
[25] Y. Rosandi, H.M. Urbassek, Melting of Al by ultrafast laser pulses: Dynamics at the 
melting threshold, Appl. Phys. A Mater. Sci. Process. 110 (2013) 649–654. 
doi:10.1007/s00339-012-7145-6. 
[26] P.L. Silvestrelli, A. Alavi, M. Parrinello, D. Frenkel, Structural, dynamical, electronic, 
and bonding properties of laser-heated silicon: An ab initio molecular-dynamics study, 
Phys. Rev. B. 56 (1997) 3806–3812. doi:10.1103/PhysRevB.56.3806. 
[27] P. Silvestrelli, A. Alavi, M. Parrinello, D. Frenkel, Ab initio Molecular Dynamics 
Simulation of Laser Melting of Silicon, Phys. Rev. Lett. 77 (1996) 3149–3152. 
http://www.ncbi.nlm.nih.gov/pubmed/10062146. 
[28] P. Ji, Y. Zhang, M. Yang, Structural, dynamic, and vibrational properties during heat 
transfer in Si/Ge superlattices: A Car-Parrinello molecular dynamics study, J. Appl. 
Phys. 114 (2013) 234905. doi:10.1063/1.4850935. 
[29] P. Ji, Y. Zhang, First-principles molecular dynamics investigation of the atomic-scale 
energy transport: From heat conduction to thermal radiation, Int. J. Heat Mass Transf. 60 
(2013) 69–80. doi:10.1016/j.ijheatmasstransfer.2012.12.051. 
[30] N.W. Ashcroft, N.D. Mermin, Solid State Physics, 1976. http://www.amazon.com/Solid-
22 
 
State-Physics-Neil-Ashcroft/dp/0030839939. 
[31] M.I. Kaganov, I.M. Lifshitz, L.V. Tanatarov, Relaxation between Electrons and the 
Crystalline Lattice, J. Exp. Theor. Phys. 4 (1957) 173–178. 
doi:10.1017/CBO9781107415324.004. 
[32] J. K. Chen, W. P. Latham, J. E. Beraun, The role of electron–phonon coupling in 
ultrafast laser heating, J. Laser Appl. 17 (2005) 63. 
doi:10.1017/CBO9781107415324.004. 
[33] P.B. Allen, Theory of thermal relaxation of electrons in metals, Phys. Rev. Lett. 59 
(1987) 1460–1463. doi:dx.doi.org/10.1103/PhysRevLett.59.1460. 
[34] X.Y. Wang, D.M. Riffe, Y.-S. Lee, M.C. Downer, Time-resolved electron-temperature 
measurement in a highly excited gold target using femtosecond thermionic emission, 
Phys. Rev. B. 50 (1994) 8016–8019. doi:10.1017/CBO9781107415324.004. 
[35] D. Bäuerle, Laser Processing and Chemistry, 2011. doi:10.1007/978-3-642-17613-5. 
[36] T.F. Chant, FOR THE ADVECTIONoDIFFUSION EQUATION, SIAM J. Numer. 
Anal. 21 (1984) 272–284. 
[37] H.W. Sheng, M.J. Kramer, A. Cadien, T. Fujita, M.W. Chen, Highly optimized 
embedded-atom-method potentials for fourteen FCC metals, Phys. Rev. B. 83 (2011). 
doi:10.1103/PhysRevB.83.134118. 
[38] J. Stadler, R. Mikulla, H. Trebin, IMD: A software package for molecular dynamics 
studies on parallel computers, Int. J. Mod. Phys. C. 8 (1997) 1131–1140. 
http://www.worldscientific.com/doi/pdf/10.1142/S0129183197000990. 
[39] X. Gonze, B. Amadon, P.-M. Anglade, J.-M. Beuken, F. Bottin, P. Boulanger, F. 
Bruneval, D. Caliste, R. Caracas, M. Côté, T. Deutsch, L. Genovese, P. Ghosez, M. 
Giantomassi, S. Goedecker, D.R.R. Hamann, P. Hermet, F. Jollet, G. Jomard, S. Leroux, 
M. Mancini, S. Mazevet, M.J.T.J.T. Oliveira, G. Onida, Y. Pouillon, T. Rangel, G.-M. 
Rignanese, D. Sangalli, R. Shaltaf, M. Torrent, M.J.J. Verstraete, G. Zerah, J.W.W. 
Zwanziger, ABINIT: First-principles approach to material and nanosystem properties, 
Comput. Phys. Commun. 180 (2009) 2582–2615. 
doi:http://dx.doi.org/10.1016/j.cpc.2009.07.007. 
[40] V. Recoules, J. Clérouin, G. Zérah, P.M.M. Anglade, S. Mazevet, Effect of Intense Laser 
Irradiation on the Lattice Stability of Semiconductors and Metals, Phys. Rev. Lett. 96 
(2006) 55503. doi:10.1103/PhysRevLett.96.055503. 
[41] N.W. Ashcroft, N.D. Mermin, Solid state physics, in: Holt, Rinehart and Winston, 1976. 
[42] American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New York, 1972. 
[43] P.B. Allen, Empirical electron phonon lumbda values from resistivity of cubic metallic 
elements, Phys. Rev. B. 36 (1987) 2920–2923. 
http://prb.aps.org/abstract/PRB/v36/i5/p2920_1. 
23 
 
[44] R.H.M. Groeneveld, R. Sprik, A. Lagendijk, Femtosecond spectroscopy of electron-
electron and electron-phonon energy relaxation in Ag and Au, Phys. Rev. B. 51 (1995) 
11433–11445. http://link.aps.org/doi/10.1103/PhysRevB.51.11433. 
[45] Y. Yang, Z. Chen, Y. Zhang, Melt flow and heat transfer in laser drilling, Int. J. Therm. 
Sci. 107 (2016) 141–152. doi:http://dx.doi.org/10.1016/j.ijthermalsci.2016.04.006. 
[46] F.H. Stillinger, T.A. Weber, Lindemann melting criterion and the Gaussian core model, 
Phys. Rev. B. 22 (1980) 3790–3794. http://link.aps.org/doi/10.1103/PhysRevB.22.3790. 
[47] J.D. Honeycutt, H.C. Andemen, Molecular Dynamics Study of Melting and Freezing of 
Small Lennard- Jones Clusters, J. Phys. Chem. 91 (1987) 4950–4963. 
doi:10.1021/j100303a014. 
[48] A. Stukowski, Visualization and analysis of atomistic simulation data with OVITO–the 
Open Visualization Tool, Model. Simul. Mater. Sci. Eng. 18 (2010) 15012. 
http://stacks.iop.org/0965-0393/18/i=1/a=015012. 
[49] B.J. Siwick, An Atomic-Level View of Melting Using Femtosecond Electron 
Diffraction, Science (80-. ). 302 (2003) 1382–1385. doi:10.1126/science.1090052. 
[50] M.P. Allen, D.J. Tildesley, Computer simulation of liquids, Oxford University Press, 
1987. 
[51] L. V. Zhigilei, B.J. Garrison, Microscopic mechanisms of laser ablation of organic solids 
in the thermal and stress confinement irradiation regimes, J. Appl. Phys. 88 (2000) 
1281–1298. doi:10.1063/1.373816. 
[52] E. Leveugle, D.S. Ivanov, L. V. Zhigilei, Photomechanical spallation of molecular and 
metal targets: Molecular dynamics study, Appl. Phys. A Mater. Sci. Process. 79 (2004) 
1643–1655. doi:10.1007/s00339-004-2682-2. 
[53] L.V.L. Zhigilei, Z. Lin, D.S.D. Ivanov, Atomistic Modeling of Short Pulse Laser 
Ablation of Metals: Connections between Melting, Spallation, and Phase Explosion†, J. 
Phys. Chem. C. 113 (2009) 11892–11906. doi:10.1021/jp902294m. 
 
